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Data mining for novel!
2D materials
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Ab initio methods for 
solid/liquid interfaces!

http://vaspsol.mse.cornell.edu
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Adiabatic lithiation
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Predicted adiabatic
lithiation

Genetic algorithm and machine 
learning for structure predictions!

http://gasp.mse.cornell.edu 

Solvated Water in DMC

Method Dielectric energy Cavitation energy Solvation energy

DFT -19 mHa

DMC -20(1) mHa

Classical DFT* 4.90 mHa

Classical DFT+DMC -15(1) mHa

Expt5 -10 mHa

5.  T. Truong and E. Stefanovich, Chem. Phys. Lett. 240. 253 (1995).* Classical DFT from Ravishankar Sundararaman
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Data mining for novel!
2D materials
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Novel 2D materials with low formation energies show unique structures that can be 
stabilized on metal substrates, have useful electronic properties that can be tuned by 
strain, and can be stable in aqueous environment!
!
APL 101, 153109 (2012), PRB 87, 184114 (2013), 
PRB 87, 165415 (2013), Chem. Mater. 25, 3232 (2013), 
J. Phys. Chem. C, in print (2013)

−8

−7

−6

−5

−4

−3

−2

GaS GaSe GaTe
InS InSe

InTe
 MoS2

En
er

gy
 le

ve
l (

eV
)

O2/H2O

H  /H2
+  

Top viewSide view a2

a1M
X

M
X Conduction 

band

Valence 
band

e

h

Solar light

mailto:rgh27@cornell.edu


rhennig@cornell.edu!
theory.mse.cornell.edu

IPAM – Fuels from Sunlight!
October 14-18, 2013 • Los Angeles, CA

Acknowledgement!
• Genetic algorithm development: W. Tipton, B. Revard, S. Wenner, A. Sanchez!
• Battery materials: W. Tipton, C. Bealing, K. Matthew, M. Blonsky!
• Single-layer materials: H. Zhuang, A. Singh, M. Spencer, J. Park!

• Financial support by 
EMC2, CCMR,  
NSF-CAREER!

• Computational resources 
provided by 
XSEDE, Teragrid, CCNI

Richard G. Hennig, Cornell University 

Computational Discovery and Design of Materials 
for Energy Technologies and Electronic Devices

mailto:rgh27@cornell.edu


rhennig@cornell.edu IPAM – Fuels from Sunlight!
October 14-18, 2013 • Los Angeles, CA

VASPsol and QMCsol
Solvation Module for DFT and QMC

Phys. Rev. B 85, 201102(R) (2012)
Phys. Rev. B, in preparation (2013)

GASP
Genetic Algorithm for Structure Prediction

http://gasp.mse.cornell.edu
J. Phys. Cond. Matter, submitted (2013)
Invited book chapter, Springer (2013)

Application to Materials for Energy Applications

Appl. Phys. Lett. 101, 153109 (2012)
Phys. Rev. B 87, 165415 (2013)
Phys. Rev. B 87, 094112 (2013)

Chem. Mat., 25, 3232 (2013)
Appl. Phys. Lett. submitted (2012)
J. Phys. Chem. C, submitted (2013)

ACS Nano 6, 2118 (2012)
Phys. Rev. B 87, 245402 (2013)

J. Phys. Chem. C 117, 14303 (2013)
Nanoletters 12, 4530 (2012)

Battery electrodes and
materials under pressure

Nanocrystals surfaces and
chemical transformations

Novel 2D materials for electronic
and energy applications

Nature 451, 445 (2008)
Phys. Rev. B 82, 014101 (2010)
Phys. Rev. B 83, 224102 (2011)
Phys. Rev. B 87, 184114 (2013)

2.5D3D

Adiabatic lithiation

Fast lithiation

Predicted adiabatic
lithiation

0 0.2 0.4 0.6 0.8 1
Li fraction

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

En
er

gy
 (e

V
)

2D

Computational Discovery and Design of Materials

−8

−7

−6

−5

−4

−3

−2

GaS GaSe GaTe
InS InSe

InTe
 MoS2

En
er

gy
 le

ve
l (

eV
)

O2/H2O

H  /H2
+  

Top viewSide view a2

a1M
X

M
X Conduction 

band

Valence 
band

e

h

Solar light

Method and Algorithm Development

mailto:rgh27@cornell.edu


rhennig@cornell.edu IPAM – Fuels from Sunlight!
October 14-18, 2013 • Los Angeles, CA

Materials Discovery by Data-Mining 
Single-Layer Materials!

For Electronic Devices and Energy Technologies
Houlong Zhuang, Arunima Singh, Richard G. Hennig 
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Discovery of Ternary Intermetallics 
by Datamining 

Discovery of two new compounds: CeIr4In and Ce2Ir2In!
Successful synthesis of CeIr4In

In
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• Use similarities between materials systems, e.g, similar binary phases to 
identify candidate structures in databases such as ICSD!

• Calculate phase stability!
• Synthesize novel materials

Phys. Rev. B 83, 104106 (2011)
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Why Single-Layer Materials?

Materials interfaces!
• At the heart of essentially all modern-day critical technologies!
• Importance of interfaces in key industrial segments: 

Microelectronics, chemical and 
energy industries!

Single-layer or 2D materials!
• Maximize their interfacial area!
• New class of materials!
• Properties differ from 3D counterparts!
• Example of synthesized 2D materials: 

Graphene, BN, ZnO, MoS2, WSe2, and SnS2!
• Potentially many more 2D materials 

awaiting discovery
Lauritsen et al., J. Catalysis 221 25 (2004)

http://newsroom.intel.com/docs/DOC-2032

mailto:rgh27@cornell.edu
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Materials 
Selection

Stability

Properties

Synthesis

Data Mining

Structural Stability

Dynamic Stability

Electronic Properties

Optical Properties

Substrates

Solvation

Structures: Zincblende, 
Wurtzite, Chalcogenides

Ef = E2D – E3D

Phonon Spectrum

Bandgap and Offsets

Absorption, Excitons

Chemisorption, 
Physisorption, Strain
Solubility, Effect on
Electronic Properties

Genetic Algorithm New compositions 
and structures

Discovery of Single-Layer Materials

!

!

CdO

PtS2

GaSe
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Electronic Properties

Genetic Algorithm New compositions 
and structures

Discovery of Single-Layer Materials

!

!

CdO

PtS2

GaSe

Novel 2D materials with low formation energies show 
unique structures that can be stabilized on metal substrates, 
have useful electronic properties that can be tuned by strain, 

and can be stable in aqueous environment
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Data Mining for 2D Materials

• Search International Crystal Structure Database (ICSD) for candidates!
• Same 3D bulk structure as C, BN, ZnO, SiC, MoS2

Wurtzite and zincblende!
• 96 unique binaries!
• III-V, II-VI, I-VII families, 

and others!
2H and 1T MoS2 structure!
• 26 unique binary entries!
• Many transition metal 

dichalcogenides!
Other layered 3D bulk materials!
• Group-III monochalcogenides

mailto:rgh27@cornell.edu
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Discovery and Virtual Synthesis 
of 2D III-V Materials 

for Electronic Applications

Houlong Zhuang, Arunima Singh, Richard G. Hennig 
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Stability of 2D III-V Materials

Need to consider: Energetic and dynamic stability

• Consider hexagonal planar and 
buckled III-V compounds!

!
• Determine energetic stability 

relative to 3D bulk phase
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Dynamic Stability of 2D III-V Materials
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• Determine dynamic stability from 
phonon calculations!

• Unstable phonon branches due to 
competition between covalent 
bonding preferring non-planar 
structures and dipole moment across 
buckled 2D hexagonal structure!

• Remove dipole moment by looking at 
different reconstructions

mailto:rgh27@cornell.edu
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Novel Reconstruction

• Displace cation-anion pairs perpendicular to 2D layer!
• Relaxation leads to novel dynamically stable tetragonal reconstruction!
• Each group III and V element is bonded to four neighbors

atetr ztetr

Top view Side view

• Group III: sp3 configuration!
• Group V: px, py configuration
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Energetic Stability of 2D Structures
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Some 2D tetragonal materials are significantly 
lower in energy than 2D hexagonal ones
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Electronic Structure of 2D Materials

• HSE06 calculations 
to avoid DFT bandgap 
problem!

!
• Bandgap in visible range!
• Competitive effective 

masses!
• 2D tetragonal AlP 

indirect gap of 1.9 eV, 
AlAs direct gap of 0.8 eV!

• Effective electron masses of 
0.5 and 0.4 me!

• Comparable to MoS2 
1.7 eV, 0.5 me
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Phys. Rev. B 87, 165415 (2013)
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Electronic Structure of 2D Materials

• HSE06 calculations 
to avoid DFT bandgap 
problem!

!
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• Competitive effective 

masses!
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indirect gap of 1.9 eV, 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• Effective electron masses of 
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• Comparable to MoS2 
1.7 eV, 0.5 me

AlN

GaAs GaSb
InN InAs

InSb

Lattice constant [   ]

Fu
nd

am
en

ta
l b

an
dg

ap
 [e

V
]

3 3.5 4 4.5 50
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5

GaN AlP
GaP AlAs

InP

Å 

AlSb
MoS2 AlP

AlAs

Hexagonal

Tetragonal

me* mh*

Phys. Rev. B 87, 165415 (2013)

2D III-V materials show unique structures, can be stabilized 
on metal substrates, and have useful electronic properties

mailto:rgh27@cornell.edu


rhennig@cornell.edu IPAM – Fuels from Sunlight!
October 14-18, 2013 • Los Angeles, CA

N
In

Ho

Pd

P
Al

substV
III

substVb
III
Vt

(a)

(c) (d)

(b)

N
In

Virtual Synthesis of 2D Materials

• Find lattice matched substrates!
- 2D tetragonal: (100) fcc surface!
- 2D hexagonal: (0001) hcp surface!

• Balance of stabilization and strain energy 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epitaxial strain of 
4% to stabilize 2D 

materials
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Epitaxial Stabilization on Substrates

• Search ICSD for lattice matched (100) fcc and (0001) hcp surfaces!
• Lattice match for transition metal fcc and hcp and rare-earth metal hcp
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Adsorption Energy on Substrates

• PBE shows strong chemisorption, van der Waals interaction enhance adsorption!
• Stabilization of AlP on Pd:  2D tetragonal                        0.31 eV/atom 

                                             ⇒  chemisorption on Pd       0.04 eV/atom 
                                             ⇒  van der Waals               –0.08 eV/atom
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Adsorption Energy on Substrates

• PBE shows strong chemisorption, van der Waals interaction enhance adsorption!
• Stabilization of AlP on Pd:  2D tetragonal                        0.31 eV/atom 

                                             ⇒  chemisorption on Pd       0.04 eV/atom 
                                             ⇒  van der Waals               –0.08 eV/atom
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Strong stabilization of 2D materials on 
substrates identifies possibly synthesis routes
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Doping of 2D Materials by Substrate

• Charge transfer between 2D material and substrate!
• 2D hexagonal III-V materials are n-type doped!
• 2D tetragonal III-V materials either n- or p-type doped

Large adsorption energies and strong doping makes 
these metals good electrical contact for transport 

measurements and electronic applications!
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APL 101, 153109 (2012), PRB 87, 184114 (2013)
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Discovery of 2D Materials 
for Photocatalytic Water Splitting!

!

Metal Dichalcogenides

Houlong Zhuang, Richard G. Hennig 
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2D Materials for Energy Conversion

Photocatalytic water splitting!
• Bandgap between 1.4 eV and 3 eV!
• Band alignment with H+/H2 and O2/H2O levels!
• Stable in aqueous environment!
• Strong optical absorption

H+

H2

e

H2O
O2

h

H2O ⟶ H2 + ½O2

⟿
⟿

Solar energy

Photocatalyst

CBM

VBM

-4.44 eV

-5.67 eV

e

h

H /H2
+

O2/H2O

hv

Toroker et al. Phys. Chem. Chem. Phys. 13, 16644(2011)

At pH=0 At pH=7

H+/H2 –4.44 eV –4.02 eV

O2/H2O –5.67 eV –5.26 eV

mailto:rgh27@cornell.edu


rhennig@cornell.edu IPAM – Fuels from Sunlight!
October 14-18, 2013 • Los Angeles, CA

Energetic Stability of 
Transition Metal Dichalcogenides

• van der Waals functional used 
• Most single-layer MX2 have comparable formation energies to MoS2!

• 13 out of 27 MX2 are semiconductors
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Band Alignments

• Align the vacuum levels using PBE for bandgap center energy!
• G0W0 bandgaps for CBM and VBM alignments
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Stability in Aqueous Solution

• Solubility of solid compound in water by from equilibrium with dissolved ions !
!

• Split reaction into two steps!
!

• First reaction enthalpy equals cohesive energy (calculated using VASP)!
• Second reaction enthalpy given by sum of ionization and hydration enthalpy!

- Calculated with Gaussian09 (aug-cc-pVQZ basis, SMD solvation model)!
- Consider explicit waters and ion association

AB(s) ⌦ A+(aq) + B�(aq)

AB(s) ⌦ A(g) + B(g) ⌦ A+(aq) + B�(aq)

B– A–B– A–

solvation shell

unassociated associated
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Stability in Aqueous Solution

• Comparison with known poor soluble HgS shows that these materials are 
insoluble in water
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SnS2 for Photocatalytic Water Splitting

SnS2 single-layers reached visible-light conversion efficiency of 38.7% 
at bias potential of 1 V, superior to most existing materials 

SnS2 single-layers and the bulk material remained at a level of
less than 5 mAcm!2 at the applied potentials between !0.45
and 1.0 V versus Ag/AgCl. Contrastingly, at visible-light
irradiation of 300 W from a Xe lamp, the SnS2 single-layers
displayed a much enhanced photocurrent density of
2.75 mAcm!2 at 1.0 V, roughly 72 times larger than that of
the bulk material (Figure 3A). Measurement of the incident
photon-to-current conversion efficiency (IPCE) is a powerful
tool for probing the photoconversion efficiency of different
photoelectrodes because this method is independent in the
light source and filters used for the measurements.[20] The
IPCE can be expressed concretely as given in Equation (1),

IPCE ¼ hcI
lJlight

where h is the Planck constant, c is the speed of light, I is the
measured photocurrent density at a specific wavelength, l is
the wavelength of the incident light, and Jlight is the irradiance
intensity at a specific wavelength. As depicted in Figure 3B,

one can clearly observe that the IPCE onset of
the SnS2 single-layers is located at around
540 nm, which corresponded to a band gap of
about 2.29 eV and matches well with the mea-
sured absorption edge of 2.23 eV in Figure 3D.
Also, Figure 3B shows an IPCE of 38.7% at
420 nm, which is significantly higher than the
2.33 % for the bulk material. Actually, the
visible-light conversion efficiency of 38.7% is
much better than that of most existing
reports,[7, 21–25] implying an efficient transport
and separation of photogenerated carriers in
the SnS2 single-layers. An important finding was
that the photocurrent densities of the SnS2

single-layers showed negligible variation after
even 3600 s of irradiation, while the bulk
material displayed serious I–t fluctuations (Fig-
ure 3C and Figure S3), clearly revealing the
remarkably enhanced photostability of SnS2

single-layers.
Notably, the greatly improved visible-light

water splitting behavior of SnS2 single-layers
could be ascribed to the synergistic effect
between their macroscopic morphological fea-
tures and microscopic atomic/electronic struc-
ture. The huge specific surface area and high-
percentage of disordered surface atoms enabled
them to harvest remarkably increased visible
light (Figure 3D).[26] The carriers photogener-
ated deeply within the semiconductor took
a longer time to reach the surface than those
generated close to the surface, and so were more
likely to be lost on account of recombination
before they could be collected.[10–12,27] Thus, the
atomically ultrathin thickness of the SnS2 single-
layers contributed to the strikingly fast carrier
transport from the inside to the surface. Also,
their 2D configuration endowed them with
a much better grain boundary connectivity and

intimate contact with the ITO substrate, verified by the much
lower interfacial charge-transfer resistance in Fig-
ure 3E,[11, 12, 28] which helps to greatly enhance the carrier
transport/separation efficiency. To better understand the
carrier transport in the electrode of SnS2 single-layers,
electrochemical impedance measurements were performed
to determine their capacitance. The carrier density (ND) and
the flat band potential (Vfb) can be estimated by the Mott–
Schottky Equation (2),[29]

C!2
sc ¼

2
e0e0erND

V !Vfb !
kT
e0

! "

where Csc is the capacitance of the space charge layer, e0 is the
electron charge, e0 is the vacuum permittivity, er is the
dielectric constant, V is the applied potential, T is the absolute
temperature, and k is the Boltzmann constant. ND was
calculated using Equation (3).

ND ¼ 2=e0e0erð Þ d 1=C2
# $

=dV
% &!1

Figure 3. A) Photocurrent curves at 300 W Xe lamp irradiation (l>420 nm). B) Inci-
dent photon-to-current conversion efficiency. C) I–t curves at 0.8 V versus Ag/AgCl at
irradiation by a 300 W Xe lamp (l>420 nm; I =photocurrent density and t = time).
D) UV/Vis diffuse reflectance spectra (a, h, and n are the absorption coefficient,
Planck’s constant, and light frequency). E) Electrochemical impedance spectra. Z’ and
Z’’ are the real and imaginary parts of the impedance, while the solid lines were fitted
by ZSimpWin software using the equivalent circuits. F) Mott–Schottky plots.
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Freestanding Tin Disulfide Single-Layers Realizing Efficient Visible-
Light Water Splitting**
Yongfu Sun, Hao Cheng, Shan Gao, Zhihu Sun, Qinghua Liu, Qin Liu, Fengcai Lei, Tao Yao,
Jingfu He, Shiqiang Wei,* and Yi Xie*

Natural photosynthesis shows the direct conversion of solar
energy into chemical fuels. However, even the green plants,
after aeons of evolution, only perform this task with an
efficiency of a few percent,[1] which restricts the global
potential of using direct bioenergy conversion as a fuel
source on a large scale. Therefore, bioinspired artificial
photosynthetic strategies are attracting tremendous interest,
with a view to mimicking the natural photoconversion of
sunlight to useful fuels in a more efficient way. In this regard,
photoelectrochemical (PEC) cells, which can mimic the
photosynthetic process within a leaf by splitting water to
produce H2 and O2, have recently emerged as the most
prominent systems.[2–5] In addition to possessing a free and
unlimited supply of solar energy and water, the fascination
also comes from their environmentally benign reactions
under nearly neutral conditions without generating polluted
byproducts such as carbon dioxide. Despite these excellent
advantages, the practical applications are still handicapped by
their low efficiency and poor stability. Thus, further break-
throughs in the design and synthesis of novel photoelectrode
materials, with a high conversion efficiency and stable cycling
behavior, hold the key to the development of PEC water
splitting.

The factors limiting the efficiency of solar water splitting
mainly concentrate on the following aspects: 1) most of the
photocatalysts solely absorb UV light, which accounts for
only 4% of the total sunlight; 2) they usually suffer from
sluggish charge transfer and water oxidation kinetics.[6,7] To
better use the solar light for energy conversion, the develop-

ment of visible-light-responsive photocatalysts is highly
desirable because visible light contributes to the solar
spectrum with about 43%. As such, inorganic graphene
analogs (IGAs) with a visible-light band gap may represent
ideal architectures for high-performance PEC electrodes.
These IGAs provide a type of architecture that could offer
a huge specific surface area and large fraction of uncoordi-
nated surface atoms for harvesting more visible light, while
photon absorption in bulk or nanosized particles is often
limited by light transmittance and reflection at the grain
boundaries.[8, 9] Also, according to the diffusion formula of t =
d2/k2D (d is the particle size, k is a constant, D is the diffusion
coefficient of electron–hole pairs),[10] the atomically ultrathin
thickness and two-dimensional (2D) conducting channels
help them to achieve rapid carrier transport in photoelectr-
odes with a greatly reduced recombination rate.[10–12] More-
over, the 2D configuration with huge surface area allows for
intimate contact with the substrate and high interfacial
contact area with the electrolyte, thus facilitating fast
interfacial charge transfer and electrochemical reactions as
well as low corrosion rates.[13]

Inspired by the aforementioned concepts, it is highly
desirable to explore the synthesis of visible-light-responsive
IGAs in efforts to achieve efficient PEC water splitting.
Generally speaking, controllable exfoliation of layered com-
pounds is regarded as the exclusive way to obtain graphene-
like single layers. In this case, the structural analysis shows
that hexagonal tin disulfide would be an appealing bridge for
fabricating visible-light-responsive IGAs. In addition to being
nontoxic, low-priced, and chemically stable in acidic or
neutral aqueous solutions hexagonal SnS2 possesses a visi-
ble-light band gap of 2.2–2.35 eV and a peculiar CdI2-type
layered structure consisting of a S-Sn-S triple layer, in which
the layers are held together by Van der Waals interactions
(see Scheme S1 in the Supporting Information).[14,15] For this
reason, it is really indispensable and challenging to develop
a synthetic route for the fabrication of SnS2 single-layers,
which offer the possibility for manipulating visible-light water
splitting.

Herein, we put forward a scalable exfoliation strategy to
accomplish this challenge by refluxing bulk SnS2 in forma-
mide (Figure 1A), giving the first synthetic case for free-
standing SnS2 single-layers with three atom thickness. As
shown by the X-ray diffraction pattern (XRD) in Figure 1C,
the sole strong diffraction peak for the exfoliated products
could be readily assigned to the (002) facet of hexagonal SnS2

(P63 mc, joint committee on powder diffraction standards,
JCPDS, card number 89-3198), while other small diffraction
peaks could also be indexed to their (004) and (006) facets.
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Supporting information for this article, including experimental
details, calculation details, results, structural models, XPS and
Raman spectra, Mott–Schottky plots, I–t curves and EXAFS curve-
fitting results, is available on the WWW under http://dx.doi.org/10.
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Electronic Structure of Single-Layer SnS2

3

TABLE II. Fundamental indirect and direct bandgaps (in eV)
of single-layer SnS2 obtained from three di↵erent approaches.
Experimental optical bandgaps are shown for comparison.34

Gap EPBE
g EHSE06

g EG0W0
g Experiment

Indirect (⌃-M) 1.57 2.52 2.88 2.23

Direct (M-M) 1.81 2.81 3.16 2.55

rect and indirect fundamental bandgaps of single-layer
SnS2 from these three di↵erent approaches with the ex-
perimental optical bandgaps.34 The PBE functional as
usual underestimates the bandgaps35 and predicts gaps
1 eV smaller than the HSE06 functional and the G0W0

approximation. The HSE06 and G0W0 methods predict
similar bandgaps with the G0W0 bandgaps being about
0.35 eV larger. However, all three methods show that
the di↵erence between the indirect and direct bandgaps
is small with a value of 0.3 eV, consistent with the dif-
ference of the experimental optical bandgaps.34 Further-
more, the bandgaps of single-layer SnS2 are well posi-
tioned within the range of 1.7 - 3.0 eV that is required
for e�cient photocatalytic water splitting.36,37

To understand the bonding characteristics of single-
layer SnS2, we analyze the total and projected density of
states (TDOS and PDOS) within the energy window of
�4 to 4 eV with reference to the VBM. Figure 4 shows
that the TDOS at the valence band edge is as large as
2.8 states/(eV·unit cell). Such a large DOS is suggested
as a main contributing factor to the prominent visible-
light conversion e�ciency of single-layer SnS2.10 The cor-
responding PDOS of SnS2 in Fig. 4 illustrates that the
valence band of SnS2 from �2 to 0 eV is dominated by
the S 3p states, whereas in the lower energy window be-
tween �4 and �2 eV, it mainly consists of hybridized
states of S 3p and Sn 5p orbitals.

Figure 5 shows the imaginary part of the permittiv-
ity ✏2 calculated from the Bethe-Salpeter equation and
random-phase approximation (RPA), respectively. Sim-
ilar to single-layer MoS2, the entire BSE optical ab-
sorption spectrum is dominated by resonant excitonic
states.38,39 Three absorption peaks are observed in the
low-energy region below 3.2 eV of the BSE spectrum.
In contrast, no peaks are observed in the RPA spectrum
of the same energy window, indicating the importance of
considering excitonic e↵ects. The first peak, located at
an energy of 2.75 eV, corresponds to the direct optical
bandgap at theM point. This energy agrees well with the
experimental direct optical bandgap of 2.55 eV measured
by UV-vis transmission spectroscopy.34 The second peak
appears at 2.92 eV due to another exciton, and the third
peak corresponds to the direct quasiparticle bandgap of
3.16 eV obtained with theG0W0 method. The energy dif-
ference between the first and third peak gives an exciton
binding energy of 0.41 eV, close to the value of 0.4 eV for
bulk SnS2,40 and also comparable to the exciton binding
energy of single-layer MoS2 and WS2 of 0.6 eV.39
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FIG. 4. Total and projected density of states of single-layer
SnS2.

The Mott-Wannier model has recently been applied
to estimate the exciton binding energy of single-layer
MoS2.11,41 It is worthwhile testing whether this model
is applicable to the excitons in single-layer SnS2 as well.
In this model excitons forms hydrogen-like states. In two
dimensions, the first excitonic binding energy is

E0 = 4
mr

m0

R1
✏22D

, (1)

where mr is the reduced e↵ective electron mass, m0, the
rest mass of the electron, ✏2D the e↵ective permittivity,
and R1 the Rydberg constant.41

For 2D systems, subtleties arise since the calculated
permittivity tensor depends on the size of the simula-
tion cell, i.e. the thickness of the vacuum layer. To de-
termine the permittivity of single-layer SnS2, ✏SnS2 , we
treat each cell as a composite of one layer of SnS2 and
one layer of vacuum with ✏vac = 1. We approximate
the thickness of single-layer SnS2 as 5.89 Å, which is the
interlayer distance in bulk SnS2 calculated with the vdw-
optB88 van der Waals functional. Using the linear law,42

✏calc = f ·✏SnS2 +(1�f) ·✏vac, where f is the volume frac-
tion of the SnS2 layer in a simulation cell, we fit the per-
mittivity of single-layer SnS2 from the calculated permit-
tivity, ✏calc, for cells of dimension 10, 18, and 25 Å. This
results in the relative permittivity parallel to the sheet
of ✏k = 8.17, perpendicular to it of ✏? = 2.41, and the ef-
fective permittivity of ✏2D =

p
✏k · ✏?. We obtain the re-

duced e↵ective electron mass from 1/mr = 1/me+1/mh,
where me = 0.25m0 and mh = 0.37m0 are the electron
and hole e↵ective masses, respectively, at the M point
obtained from the HSE06 band structure. The exciton
binding energy predicted from the Mott-Wannier model
is 0.41 eV, identical to the binding energy calculated by
solving the Bethe-Salpeter equation. While such perfect
agreement is probably somewhat fortuitous, it neverthe-
less indicates that the exciton in single-layer SnS2 is a
Mott-Wannier type exciton.

To determine under what conditions single-layer SnS2
is able to photocatalytically split water, we calculate the
band edge positions ECBM and EVBM relative to the vac-
uum level and compare them with the reduction and ox-
idation potentials of water. We follow the method by
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• 1T structure like PtS2!
• Indirect gap, direct gap 0.3 V higher
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Exciton in Single-Layer SnS2
¡ 2

2 3 4 50

5

10

15

20

Energy (eV)

2 2.5 3 3.50

0.5

1

BSE
RPA

• Many-body calculation of optical properties!
• Solve Bethe-Salpeter equation (BSE)

Exciton binding energy of 0.41 eV in model and BSE

2D Mott-Wannier model
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Band Alignment for Single-Layer SnS2
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• Experiment: Photocatalysis requires bias potential of  1 V, reduces efficiency!
• Calculated band alignment: H+/H2 evolution requires bias of > 0.9 eV!
• Strain reduces required bias potential

Phys. Rev. B 88, 115314 (2013)
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Discovery of 2D Materials 
for Photocatalytic Water Splitting!

!

Group-III Monochalcogenides

Houlong Zhuang, Richard G. Hennig 
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Group-III Monochalcogenides 
for Water Splitting

Another class of 2D materials
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Band Alignment with Water Potentials
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Monochalcogenides suitable for water splitting!
Band gap and alignment can be tuned by strain and pH
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Optical Absorption of Monochalcogenides
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Optical absorption of 2D GaSe!
• Increases with energy 

over visible range up to 43%!
• Strain further increases absorption!
• Compare to graphene: 

2.3% absorption

Monochalcogenides have strong optical absorption

biaxial strain
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Stability in Aqueous Environment

• High enthalpy of solvation indicates 
that group-III monochalcogenides are 
poorly soluble in water
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Next step:!
• Genetic algorithm searches 

for novel structures and unusual 
compositions!

Future work:!
• Stability as a function of 

applied potential and pH, 
Pourbaix diagrams

Chemistry of Materials 25, 3232 (2013)
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Discovery of Single-layer materials

Novel 2D materials with low formation energies show unique structures 
that can be stabilized on metal substrates, have useful electronic 

properties that can be tuned by strain, and can be stable in aqueous 
environment

Appl. Phys. Lett. 101, 153109 (2012), Phys. Rev. B 87, 165415 (2013), 
Chem. Mater. 25, 3232 (2013), Phys. Rev. B in print (2013), J. Phys. Chem. C in print (2013)
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